Reoxygenation of the hypoxic myocardium results in a number of processes, including an 02-dependent increase in total tissue Ca2' and cell lysis in which mitochondrial electron transport plays a key role. In the present study we have isolated mitochondria from perfused rat hearts subjected to hypoxia and found no change in their respiratory function relative to controls. In contrast, mitochondria isolated immediately after reoxygenation of hypoxic-perfused hearts exhibited a specific and significant decrease in NADH: CoQ reductase (Complex I; EC 1.6.5.3) activity, as measured both polarographically and spectrophotometrically. Isolated cardiomyocytes subjected to a similar protocol of hypoxia/ reoxygenation also exhibited a specific decrease in Complex I activity. Myocardial perfusion with media containing Ruthenium Red protected against the reoxygenation-dependent loss of Complex I activity. These observations taken together suggest that mitochondrial Ca2+ uptake on reoxygenation is implicated in the mechanism of the specific loss of Complex I activity.
INTRODUCTION
If the myocardium is subjected to hypoxia followed by reoxygenation, histological and biochemical analysis of the heart shows swollen mitochondria, sarcolemmal and plasma membrane disruption associated with an increase in the total cell Ca2+ and release ofcytosolic enzymes [1] [2] [3] [4] [5] [6] . This response, which is referred to as the 02 paradox, has a number of broad similarities to that which occurs under conditions of ischaemia/reperfusion [5] . However, under the conditions of ischaemia/reperfusion, reoxygenation is necessarily associated with reflow and it is therefore impossible to ascribe the observed biochemical and physiological effects to the consequences of ischaemia or reoxygenation. For this reason, hypoxia/reoxygenation is often used as a model of ischaemia/reperfusion in which the effects of reoxygenation can be clearly observed and which has proved useful in studying the 02-dependent cell damage and Ca2+ uptake characteristic of both ischaemia/reperfusion and hypoxia/ reoxygenation [1, 3, 6, 7] .
It has previously been shown that the reoxygenation-dependent cell damage and Ca2+ uptake are dependent on the activation of mitochondria in both hypoxic/reoxygenated rat hearts and isolated cardiomyocytes [3, 8] . Mitochondria are key components in the maintenance of energy homoeostasis, and in actively working tissue such as the heart any perturbation in the efficiency of ATP synthesis may have detrimental consequences. An important factor involved in the regulation of the processes of oxidative phosphorylation is the intracellular Ca21 concentration, which is controlled by specific transport processes associated with the plasma membrane, sarcoplasmic reticulum membrane and mitochondrial inner membrane [9, 10] .
To understand more fully the sequence of events that occurs during the hypoxia/reoxygenation cycle, the functional capabilities of mitochondria isolated from normoxic, hypoxic and hypoxic/reoxygenated hearts have been assessed. In particular, the functional state of the mitochondrial respiratory chain enzyme complexes has been determined by polarographic and spectrophotometric techniques. Similar studies have also been carried out on isolated cardiomyocytes, since these cells show an 02-dependent increase in total cell Ca2+ when subjected to a hypoxia/reoxygenation protocol [3, 7, 8] , but do not exhibit the cell lysis characteristic of a proportion of the cells in the perfused heart preparation.
The results indicate that, on reoxygenation following a hypoxic insult, the cardiac mitochondria suffer a specific decrease in mitochondrial Complex I (NADH:CoQ reductase; EC 1.6.5.3) activity which may be prevented by the presence of Ruthenium Red. These data are discussed in the context of perturbed Ca2+ homoeostasis occurring after hypoxia, and have been reported in a preliminary form elsewhere [11] .
MATERIALS AND METHODS

Chemicals
Heparin (sodium salt), trypsin (type III), trypsin inhibitor (soya bean type II s) and Ruthenium Red (oxychloride ammoniated) were all obtained from Sigma Chemical Co. (Poole, Dorset, U.K.). Collagenase (type I) was from Worthington Biochemicals (Freehold, NJ, U.S.A.), and cytochrome c (horse heart) was from Boehringer Mannheim, (Lewes, E. Sussex, U.K.). All other chemicals were ofAnalaR grade and all solutions were made up with double-distilled water.
Heart perfusions
Male Wistar rats (300-400 g) were killed by cervical dislocation, and the heart was excised and placed into ice-cold Krebs bicarbonate buffer containing 11 (150 units/ml). The aorta was attached to the stainless steel cannula of a Langendorff perfusion apparatus [3] . The hearts were perfused at 38°C with a constant flow rate of 6 ml/min with Krebs bicarbonate buffer as described in [3] . This rate of perfusion was adequate to maintain ATP levels within the heart during normoxic perfusion with buffer containing glucose, and increased the sensitivity of the measurement of cell lysis. Following an initial 5 min equilibration period of perfusion with buffer containing 11 mM-glucose and gassed with 02/CO2 (19: 1), the control hearts were perfused for 45 min with glucose-free buffer gassed with 02/CO2 (19: 1). Hypoxic hearts were perfused for 40 min with glucose-free buffer gassed with N2/CO2 (19: 1). Reoxygenated hearts were perfused for 40 min in a buffer without glucose (gassed with N2/CO2, 19:1) and then were reoxygenated with buffer gassed with 02/CO2 (19:1) for 5 min. According to the well-established protocols described in [6] , which are designed to demonstrate the 02-dependent cell lysis which occurs on reoxygenation of hypoxic hearts, we have omitted glucose from the perfusion medium in the majority of experiments. However, in some experiments we included glucose at a concentration of 11 mm throughout in order to modulate the extent of reoxygenation damage without changing the period of hypoxia [5] . Reoxygenation damage was measured by monitoring the increase in absorbance at 214 nm as described in [3] . This procedure allows continuous monitoring of the perfusate for evidence of cell lysis, and we have shown that the increase in absorbance at 214 nm shows an excellent correlation with the appearance of creatine kinase activity in the perfusate [3, 12] . At the end of the perfusion the heart was rapidly cut from the cannula and placed into ice-cold mitochondrial isolation medium (see below).
Myocyte isolation
For each experiment, myocytes were prepared from the hearts of two adult rats (200-300 g) by perfusion with collagenase essentially as described in [3, 13] . The final preparation, containing approx. 2.0 x 105 cells/ml, was suspended in buffer A containing NaCl (1 18.5 mM), NaHCO3 (14.5 mM), KCI (2.6 mM), KH2PO4
(1.2 mM), MgSO4 (1.2 mM), Hepes (10 mM), CaCl2 (1 mM) and BSA (0.1 %, w/v), pH 7.4. Gassing of the cells in silicon-coated glass vessels was performed as described in [3] , allowing sampling from six separate flasks with a single preparation of cells. At the end of the incubation, 1 ml of myocyte suspension was taken and immediately diluted 1:1 with buffer B composed of the components in buffer A but without glucose and containing 4 mm-EGTA. The myocytes were harvested by centrifugation (1000 g; 5 min) and resuspended in 250 ,tl of the mitochondrial isolation medium containing 10 mM-EDTA before being frozen in liquid N2. The samples were subjected to three freeze-thaw cycles to yield maximum activity in the spectrophotometric assay. Typically, a 20,1 portion of the suspension was used to estimate NADH and succinate cytochrome c reductase activities.
Mitochondrial isolation
The heart (1.5-2 g) was minced in ice-cold high-EDTA mitochondrial isolation medium, consisting of mannitol (210 mM), sucrose (70 mM), K+-EDTA (10 mM) and Tris/HCl (50 mM), pH 7.4. The minced tissue was then incubated with 1.5 mg of trypsin (40 units/mg)/g of tissue for 10 min. Digestion was stopped by the addition of excess soya bean trypsin inhibitor. The tissue was then homogenized using an Ultra Turrax with an 18N shaft at three-quarters of maximum speed for 2 x 3 s bursts. The resultant homogenate was centrifuged for 5 min at 1200 g, and the supernatant was strained through muslin and then centrifuged again for O min at 6500g. The resultant crude mitochondrial pellet was carefully resuspended in medium containing mannitol (225 mM), sucrose (75 mM), K+-EDTA (100 /tM) and Tris/HCI (10 mM), pH 7.2. The suspension was then centrifuged for 5 min at 6500 g to yield the mitochondrial pellet, which was then resuspended in the isolation medium containing 100 /LM-EDTA. Yields were calculated from the volume of mitochondria prepared and the protein concentration [14] , and varied from 2.0 to 2.8 mg of protein/g wet wt., depending on the perfusion conditions.
Polarographic assays
The functional capabilities of the isolated mitochondria were determined using a Clark-type 02 electrode, with the incubating chamber maintained at 25 'C. The 02 uptake was estimated in buffer consisting of KCI (100 mM), mannitol (75 mM), sucrose (25 mM), Tris/phosphate (10 mM) and EDTA (50,UM) pH 7.4, and 0.5 mg of acetone-washed BSA was added to bind any nonesterified fatty acids present. Typically, 0.5 mg of mitochondrial protein was added in a final volume of 1 ml. The final concentrations of the substrates used were 5 mM-pyruvate/2.5 mM-malate or 10 mM-glutamate/2.5 mM-malate, or 10 mM-succinate with the addition of 5 #uM-rotenone. State Determination of the activities of respiratory chain complexes All enzyme assays were performed at 25 'C in a final volume of 1 ml using a Konitron 810 spectrophotometer. Mitochondria or myocytes were disrupted, before assay, by three freeze-thaw cycles. The reduction of cytochrome c was monitored at 550 nm.
The activities of Complexes I and III were determined by measuring the NADH-dependent reduction of cytochrome c [15] 
RESULTS AND DISCUSSION
Isolated rat hearts were subjected to normoxia, hypoxia or hypoxia plus reoxygenation according to the protocols described in the Materials and methods section, and the mitochondria were subsequently isolated. The yield of mitochondrial protein/g wet wt. from normoxic and hypoxic hearts was 2.83 + 0.04 mg and 2.80 +0.12 mg (mean + S.D., n = 3) respectively. On reoxygenation of hypoxic hearts, the yield decreased by approx. 33 % to 2.16 +0.10 mg/g (n = 3). The decrease in yield is probably a result of the lysis of cells which occurs on reoxygenation of hypoxic hearts [3, 5] . To further test this proposal we perfused hearts under identical conditions of hypoxia/ reoxygenation but in the presence of 11 mM-glucose, a procedure which is known to decrease reoxygenation damage without changing the period of hypoxia [5] . In agreement with previous workers, we found that glucose decreased reoxygenation damage by 50 % and that the yield of mitochondria from these hearts increased to 2.31 + 0.06 mg/g wet wt. (mean + S.D., n = 3). These results suggest that the isolated mitochondria prepared from hearts that have undergone hypoxia/reoxygenation originate from cells which have not undergone lysis. Mitochondrial function was assessed polarographically and the following para- (5) Normoxia (6) Hypoxia (5) Reoxygenation (5 substrates, to provide information on the activity of discrete regions of the electron-transport chain and on the integrity and efficiency of oxidative phosphorylation. Table 1 demonstrates that immediately after reoxygenation there was a significant decrease in the state 3 respiration rate with NAD+-linked substrates (a 44 % decrease from normoxic values in the presence of pyruvate/malate or glutamate/malate), but without a corresponding change in the FAD-linked (succinate) respiration rates. The respiration rates of mitochondria isolated from hearts subjected to a hypoxic insult alone were not significantly different from normoxic values for either NAD+-or FAD-linked substrates. This suggests that an 02-dependent process triggers the decrease in activity ofNADH: CoQ reductase (Complex I). The defect was not apparent in the mitochondria isolated from hypoxic tissue, despite the fact that these mitochondria were re-exposed to 02 during the subsequent preparative procedures. This suggests that the mechanism involved in the decrease in Complex I activity is dependent on the intact tissue or myocyte for its expression and that the defect cannot be instigated by the direct effect of 02 on the mitochondrial respiratory chain in isolation from the rest of the cell. [17, 18] . Interestingly, despite the fact that perfusion with glucose decreased cell lysis on reoxygenation of hypoxic heart by 50 %, it had no effect on the inhibition of the NAD+-linked state 3 respiration rate (Table 1) . It is likely, therefore, that the mechanisms leading to the inhibition of NAD+-linked substrate oxidation are not of necessity linked with those of cell lysis.
The spectrophotometric assay of NADH: cytochrome c reductase and succinate: cytochrome c reductase activity allowed comparison of the activity of mitochondrial Complexes I-III and II-III respectively without the influence of the mitochondrial membrane-and matrix-associated components. Table 2 shows that there was a 29 % decrease in NADH: cytochrome c reductase activity in mitochondria isolated from reoxygenated myocardium. In the process of assaying the activities of the isolated respiratory chain complexes, the mitochondrial membrane and organization are disrupted. The fact that the defect persists after such treatment suggests that there is an irreversible alteration in the structure/activity relationships of the constituent polyVol. 274 
Treatment
Activity ratio
Normoxia (5) Hypoxia (5) Reoxygenation (9) 2.39+0.08 2.22+0.09
1.46+0.06* Isolated adult cardiomyocytes subjected to hypoxia exhibit an increase in intracellular Ca2+ on reoxygenation similar to that seen in whole heart, but do not undergo cell lysis [3] . Table 3 shows that, following reoxygenation, there was a decrease in the activity of Complex I-III relative to the activity of Complex II-111, as determined by NADH: and succinate:cytochrome c reductase assays. The data are presented as the ratio of these activities to take account of the variation in the viability of myocyte preparations. However, for an individual preparation the observed activity ofsuccinate: cytochrome c reductase relative to DNA content was not significantly different for normoxic, hypoxic or reoxygenated samples. Thus succinate: cytochrome c activity may be used to normalize the NADH: cytochrome c reductase activity. This indicates that the specific Complex I defect observed after reoxygenation may occur at the level of the isolated myocyte and, as suggested previously, is not of necessity associated with or a consequence of cell lysis.
Administration of Ruthenium Red during reperfusion of ischaemic myocardium has been shown to protect against the loss of cardiac function seen on reperfusion [19, 20] . Hearts were subjected to the hypoxia/reoxygenation protocol in the presence of 2.5 ,tg of Ruthenium Red/ml, a concentration reported to inhibit the Ca2+-stimulated activation of the mitochondrial dehydrogenases in a perfused heart preparation [21] . Ruthenium Red significantly (20%) decreased both NADI-linked and succinate-linked respiration, even in normoxic perfused hearts (results not shown). This effect, which occurred after extended (45 min) perfusion of the hearts with Ruthenium Red, has been reported previously in experiments with isolated liver mitochondria [22] . In the present study we have expressed the mitochondrial state 3 respiration rates for NADI-linked substrates (glutamate/malate) as a ratio of the FAD-linked (succinate) state 3 respiration rate. In Table 4 the results of the Ruthenium Red treatment, and for comparison the results from the other perfusion conditions used in this study, are shown. From this it is quite clear that the relationship between the two rates is unchanged by the presence of Ruthenium Red under normoxic conditions, and more importantly that the presence of Ruthenium Red completely reverses the reoxygenation-dependent decrease of NADH: CoQ reductase activity. A similar result was found when pyruvate/malate was used as a substrate. This may explain, in part, the improvement in myocardial function after ischaemia/reperfusion that occurs in the presence of Ruthenium Red [19, 20] . This result is consistent with the hypothesis that mitochondrial Ca2+ uptake on reoxygenation is involved in the mechanism of the NADH: CoQ reductase defect, although we cannot rule out other effects of Ruthenium Red on Ca2+ transport at the plasma membrane or sarcoplasmic reticulum [23] .
The presence of such a specific Complex I defect would clearly impair myocardial recovery following an hypoxic episode. Initially the two processes of mitochondrial ATP synthesis and Ca2+ accumulation would compete for the same driving force, i.e. the respiration-supported electrochemical proton gradient. At this stage the accumulated matrix Ca2+ must cause a specific lesion of the NADH: CoQ reductase by a mechanism, as yet unknown, which gives rise to a population of mitochondria with lowered ATP-synthesizing capacity, which would delay or prevent the functional recovery of the myocytes. The importance of this reoxygenation-dependent defect in mitochondrial electron transfer for the recovery of reperfused ischaemic tissue remains to be established.
